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Abstract The mid-infrared spectrum region, which corresponds to the fundamental absorption of molecules, can be
applied to high-sensitivity trace gas measurement. A method using a mid-infrared continuous-wave quantum cascade
laser (CW-QCL) operated in room temperature with wavelength modulation spectroscope (WMS) is demonstrated. A
method of eliminating influence of cross interference between different gases is studied and related verification
experiment is performed. An open path greenhouse gas detection system using a quantum cascade laser with central

~!is constructed and utilized to monitor CH, and N, O in atmsphere simultaneously with a

wavelength around 1274 cm
101 m open optical path measurement test, which achieves detection limits of 3. 87 X 107’ and 1. 28 X 107°
respectively. The feasibility of the experiment system and the method is verified, which lays a foundation for high-
sensitivity detection of greenhouse gases in regional environment.
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Fig. 1 Simulated absorption spectra of H,O, CH, and
N, O near 1274 cm™!
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Fig. 3 Schematic of the experimental apparatus
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multiplied by optical length of 450 X107° m

FEFEUR 450 X107° m N, O R FOLRE Rl 54 X
107" m, ZYCRETFHAT LB F5 TR 515 3
CH, N, O W4 e 2/ {55 tn &l 4 s,
RIG AR A A ARIR A AR5 1T LA 5256 73
9 AB A, A A AR [ e R CH, A [] ¥k
N, O ZH a5 FiR & . B 42 M [FEH B N, O FiAS
W B CH, L RLRy 5 FlOR A& A BHARA & s an
£ 1.2 iR,
#1 A4EAES
Table 1 Mixture gases of group A

Gas composition /(107% m)

Serial number

CH, N, O
1 360 18
2 360 36
3 360 54
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Table 2 Mixture gases of group B

Gas composition /(107° m)

Serial number

CH, N, O
1 162 54
2 252 54
3 450 54
4 540 54
5 720 54

R 5904558 A BAGMIEASSM 2/ 15
S S s . B 5Ca)Hh 1~5 fiiZR 4 B Rk 1
o5 AR AR B 5(b) i 1~5 il 2R 43 il 3% 2
o5 AR AR,

MES AT LE A HIRASH CH, 1y 27 #8
IYIEARAE BAR AR NLO B 2f F4r AN
Lk HR 12 MRS ARG AR . HTE 4 0
A2/ 55X A B AR A AT o0 W4T 2 o0 4k
PERA A S RE 6.7 iR, K 6a)~(e)d
FIXTRE 1Ay 1~5 F A, B 7 (a) ~ Ce) 43 5l 6
NF% 2 W) 1~5 B AR,

K6 fIE 7 2B 6 AR B4R Znk Rl A
BORARL WA R T 0,99, i i L4 AT LAt
Bl AB AR A AP CHy M N,O Bk iz, & 8
R A IR A AR CH, By ¥k B2 {H & fn B
AR A S N, O ByHe A

1230003-4



BoORRE. TR TR0 AR = AR T R

12 +(b)

w [=2)

Amplitude (a.u.)
(=)

-3

15000 20000 25000 30000 15000 20000 25000 30000
Sample number Sample number
B5 ABHRAGSAN 2/ 5. (0 AHSFIREGMEM 2/ 55 (b)) BHSFHESGM 2/ 55
Fig.5 21 signals of group A and group B. (a) 2f signals of five mixture gases in group A; (b) 2f signals of

five mixture gases in group B

3 @@ —orsignal 3 @RI —rsignal
& —fitted value & —fitted value
o 47 o 4
ERJ; ER
= 0F = 0
=) o
£ 5
4 . . 4 ; i
15000 20000 25000 30000 15000 20000 25000 30000
Sample number Sample number
> O[O table 1(3) — 2 sienal > S[(d) table 1(4) —2f signal 2 °[(e) table 1 (5) signal
3, 6f _ff:tsggrl,alue 6 —fitted value & 6 _ﬁftte value
o) n ~ 4 4
% 3 %,
g2 g2 =
20 20 5
5—2& g_z» 5—2
4 " . -4 -4
15000 20000 25000 30000 15000 20000 25000 30000 15000 20000 25000 30000

Sample number Sample number Sample number

Bl 6 AR
Fig. 6 Fitting results of group A

[=2]

3 Y@wleam 5 O[@ble2®  —arsignal

) 9 3 3 —fitted value

: <

20 o

= e

E -2[ —9fsignal —fitted value 5 -3

15000 20000 25000 30000 15000 20000 25000 30000
Sample number Sample number
3 GO @B —afsignal 2B [@table2(d)  —2rsignal 2 12[@ERZE) 5 gignal
s —fitted value s 8 —fitted value s 8 —fitted value
% 4 24 g 4
50 £ 9 £0
=), =" 2 —4
5 - . L 5_4 . . i -8 . "
15000 20000 25000 30000 15000 20000 25000 30000 15000 20000 25000 30000
Sample number Sample number Sample number

K7 B A LR
Fig. 7 Fitting results of group B
Bl S it A R B S A 38 Al 3.17%.4.22% ., AT RLFE H CH, & 45 1 % N,O
O CH, B9 % 22 40 il o 3. 90% . 1. 33% . WRIEAS AL B 5w AR N, [ BE HL NLO R 25 R %
2.41%.2.35% .4.38% ;B 4l b 1~5 FiR A Mk CH, ¥ BB Ak i AR /Iy X UE W] T 2 e R M 0
N, O Fy 3% 22 40 51 4 0. 48%6.0. 39% . 1. 52% . AR RN CH, (N, O #9538 34 % i i 45

1230003-5



2 i

S 2400 @ vy
E 2200 . .
& 2000} -
£ 1800}
£ 1600} . . | | |
© 0 1 2 3 1 5 6
Mixture gas number
‘?S 400 [ N©
= 300( - S —
gt
g 200;
g 1001
=1
e} 0 L A . ) )
© 0 1 9 3 4 5 6

Mixture gas number

K8 Zou MG IR R EUE. () A4l 5 Al
RASAKN CH, (A5G (b) BAH 5 FRAS
PRy N, O R BUM K
Fig. 8 Volume fraction retrieved from multivariate linear
fitting. (a) Volume fraction of CH, for the 5
mixture gases in group A; (b) volume fraction of
N, O for the 5 mixture gases in group B
S A A AT
4.2 IFEFERSH CH, #1 N,O Bl E
TES 5028 78 R AR BR85S T I o T O
O 101 m, SEse i e R 8 11 CL BOtHa TR E
Ja AES M N FEARME TR AR TS SOF AT 0 — 1k
AbBE, 43 55145 ) CH, (400 X 107" m) Hl N,O (30 X
10°° m) YR IA— AL IRHE 2/ 5 W 9 Fo.

) 2[@ CH,
S 1L
<5}
ks
£
:
15000 20000 25000
Sample number
3 ® N0
<
P 0.5
B
2 0
5—0.5 - :
15000 20000 25000

Sample number

B9 CH, I N,O fosIH— 1y 2/ 55 . (&S
FOBRAY 400X107° m iy CH, 5 (W IRFL4H0k
RN 30X10° m N,O
Fig.9 2f signals of CH, and N,O normalized by optical
intensity. (a) CH, with volume fraction multiplied
by optical length of 400X 10 ° m; (b) N,O with
volume fraction multiplied by optical length of

30X10°° m

X HOCH R 2 155 47 SR & 5T 2170t
SR — AR AL FR L F T 9 BARE 2/ 15 5 X T O
B 2 f {55 BEAT UG AL L LS A R ANIA] 10 IR

—open 2f
1 —fitted value

2
&
[}
=
=
=
g

“1F

n 1 " 1
15000 20000 25000

Sample number

B 10 JFHOLEE N R 27 5 5 WG4
Fig. 10 Fitting result of 2 f signal for the open path
Bl 11 5 CH, Al N, O By 7E 4200 i 1) K 3 25048
JFA JRTE 2014 4 3 A 21 H M B iEAT I S0 5,

“?3 2.33 @ CH,
= 2321
5]
£ 23y WWMMM
§z%—
§ 2.2910 1 1 1 1 1 1 1 1
Q0 Q0 4.0 o0 QO o0 0.0
PRGOS N S a0 60 W 9 0
22 %‘L’-{LA‘ ‘ﬂ.ff( 1%-‘50 ‘ﬂ"%% ‘ﬂgﬁ %‘L.fg,‘b %‘L’-A“L ‘L‘BA‘%'
0415 Time /s
s @ N,0
50410
g
g 0.405 [
=
8 0 4 0 " 1 " 1 n 1 n 1 " 1 n 1 " 1 " 1 L
oA a0 A0 Lo o e g 00 o0
9P o gp o0 0 a0 30 o0 BV oY g

Time /s

BT sERP AR . () CHys (b)) N, O
Fig. 11 Real-time concentration test results. (a) CH,;
(b N,O
o & 1T AT RUA Y A CHy F1 N, O 9 B2

A5 AR AR AT AR5 A D R A R
[ERE R S F = TR SR IS IS DRE Ny N W Bk The
LT HLZE KSR CH N, O W BE# 55, 3] 1 1 |-,
A A i % DA 5 . (1 AE T Ml 2 KRR CHL
N, O ¥ BE 3G 5 2) 78 52 56 3ok B vp A ok B2 09 b HE S
A B FE T80 0 A AR PR 25 AU Bl AN SR ARG J 389 FRl Y
CH, F1 N, O W BE S 38 hin . Xl 12 45 2 98 47 s o 22
3T o JF IO B 295 5 Y — i s o 22 A Sy ) R Y
i B, % T CH, HAGIIBR Sy 3. 87107, 17 N, O
YR R AT 3k 1. 28 X107,

1230003-6



B

BT 0T G O B AR R i TR

S

K Z 0K LA 7 A 1274 em™ 3 CH,
AN, O 38 P52 W 2E 4735 b 5 2 60 9 S [ vk
1 CH, 1 N, O TR A AR SE I 50 0E 1 12 S i J7 ¥ 1
AT 1E . 3 CW-QCL 454 WMS By )5 sk S 8L 1 %)
B RS CH, N, O Ry 6] I 78 28 I &, 38 1
10" S G A B 36 A2 R AR 2 ARG T 1) 75 5K
R 52 2% AT A 2 PR U S AR D T O AR
o 7 BRI B R B85 T Al

& & X #t

1 A Grossel, V Zeninari, B Parvitte, et al.. Optimization of a
compact photoacoustic quantum cascade laser spectrometer for
atmospheric flux measurements; application to the detection of
methane and nitrous oxide [J]. Appl Phys B, 2007, 88(3):
483—492.

2 D D Nelson, B McManus, S Urbanski, e al.. High precision
measurements of atmospheric nitrous oxide and methane using
thermoelectrically cooled mid-infrared quantum cascade lasers and
detectors [ J ]. Spectrochimica Acta Part A, 2004, 60 (14).
3325—3335.

3 A R Ravishankara, ] S Daniel, R W Portmann. Nitrous oxide
(N20): the dominant ozone-depleting substance emitted in the
21st century [J]. Science, 2009, 326(5949); 123—125.

4 Ttergovernmental Panel on Climate Change. Climate change 2007-
the Physical Science Basis: Working Group I Contribution to the
Fourth Assessment Report of the IPCC [ M ]. Cambridge:
Cambridge University Press, 2007.

5 Kan Ruifeng, Liu Wenqing, Zhang Yujun, e al.. Absorption
measurements of ambient methane with tunable diode laser [ J].
Acta Physica Sinica, 2005, 54(4); 1927—1930
W H UG, XSO, TR R, . NIRRT IO W SO B
BB EA PP LS L] PR, 2005, 54(4): 1927 —
1930.

6 Chen Jiuying, Liu Jianguo, He Yabo, et al.. Scanning {requency
optimization of laser absorption spectroscopy [J]. Acta Optica
Sinica, 2012, 33(2): 0230003.

PRIADE . XV, (AT, 45 WOERIBOEREBOAR o3 40 % 1
PRI, e2EaEIR, 2012, 33(2): 0230003

7 Yuan Song, Kan Ruifeng, He Yabo, e al.. Laser temperature
compensation used in tunable diode-laser absorption spectroscopy
[J]. Chinese J Lasers, 2013, 40(5): 0515002.

RO, BERE, TEAR . SE. TR S A0 OB S

Jer R AMELT ], P EOE . 2013, 40(5): 0515002,

8 Fan Fengying, Song Zengyun. Measurement of CO;
concentration with tunable diode laser absorption spectroscopy
near 2 pm [J]. Chinese J Lasers, 2012, 39(2): 0215002.
LR, RIE. 2 pm WIE ZHREBOCR O CO, e B2 &
W [J]. P EBEOE. 2012, 39(2): 0215002,

9 Tang Yuanyuan, Liu Wenqging, He Yabo, e al.. Experimental
study on spectral characteristics of room temperature operated
pulsed quantum cascade laser [J]. Acta Physica Sinica, 2012, 61
(24): 244206.

VIRIE  XSCHE , AT, 58, SRk el QCL SG il H 52 50 B 58
(J. 9 B2EdiE. 2012, 61(24) : 244206,

10 Cui Xiaojuan, Dong Fengzhong, Chen Weidong, et al.. Nitrous
acid measurement based on room-temperature continuous wave
quantum cascade laser [ J]. Acta Optica Sinica, 2013, 33 (4):
0430002.

/N, ERUE, BRTIAR. &, T EIRES R T RBEOLR R
HONO SARILT]. Sesg2i4i, 2013, 33(4) . 0430002.

11 C Gmachl, F Capasso, D L Sivco, e al.. Recent progress in
quantum cascade lasers and applications [ J]. Reports on Progress
in Physics, 2001, 64(11); 1533.

12 A Kosterev, G Wysocki, Y Bakhirkin, et al.. Application of
quantum cascade lasers to trace gas analysis [J]. Appl Phys B,
2008, 90(2): 165—176.

13 S Schilt, L Thevenaz, P Robert. Wavelength modulation
spectroscopy: combined frequency and intensity laser modulation
[J1. Appl Opt. 2003, 42(33): 6728—6738.

14 A Khan, K Sun, D J Miller, et al.. Simultaneous detection of
atmospheric nitrous oxide and carbon monoxide using a quantum
cascade laser [C]. SPIE, 2011, 8029: 80291H.

15 J Reid, D Labrie. Second-harmonic detection with tunable diode
lasers—comparison of experiment and theory [J]. Appl Phys B,
1981, 26(3): 203—210.

16 P Werle. A review of recent advances in semiconductor laser
based gas monitors [ J]. Spectrochim Acta (A), 1998, 54(2):
197—236.

17 Kan Ruifeng, Liu Wenqing, Zhang Yujun, e a/.. Tunable diode
laser absorption spectrometer monitors the ambient methane with
high sensitivity [J]. Chinese ] Lasers, 2005, 32(9): 1217 —
1220.

A, RISCIE . SRR SF. TTIRE O OB IR IO S i I
WIFREE 2 A rp B B i ik A8 4k [T, s E#O6, 2005, 32(9):
1217—1220.

18 Y Y Tang., W Q Liu, R F Kan, et al.. Quantum cascade laser-
based spectrometer for high sensitive measurements of trace gases
in air [J]. Chin Opt Lett, 2012, 10(4): 041404.

EEAHRE: £ &

1230003-7



